INTRODUCTION {#s01}
============

Keratitis ichthyosis deafness (KID) syndrome is one of several syndromes associated with mutations in *GJB2* encoding the connexin 26 (Cx26) gap junction (GJ) channel protein. KID syndrome patients typically exhibit profound prelingual sensorineural hearing loss, widespread erythrokeratoderma, vascularizing keratitis that leads to visual impairment, dystrophic nails, and predisposition to squamous cell carcinomas ([@bib5]). Classically, connexins are viewed as substrates of intercellular GJ channels, which are formed by the docking of two so-called hemichannels, one each contributed by two apposed cells. However, the undocked hemichannels can function as well, contributing to signaling across the plasma membrane. A common property among KID syndrome mutants, as well as other Cx26 syndromic deafness mutants, is aberrantly functioning hemichannels, suggesting that gain of function mediated by Cx26 hemichannels is a principal contributor to cellular pathology ([@bib22]; [@bib51]; [@bib35]).

Thus far, mutations at eight amino acid positions have been identified in patients with KID syndrome. Interestingly, these mutations cluster predominantly in two domains, the first extracellular loop domain (E1), linking the first two of four transmembrane domains, and the cytoplasmic N-terminal (NT) domain. These regions have been shown to contribute to the aqueous pore and to contain elements critical for voltage-dependent gating ([@bib49], [@bib50]; [@bib52]; [@bib29]; [@bib27]; [@bib31]; [@bib16]; [@bib25]; [@bib41]; [@bib47]; [@bib36]). Three mutants clustered in the E1 domain, A40V, G45E, and D50N, have been examined in some detail and show a range of aberrant hemichannel properties including shifted voltage-dependent gating, altered permeability, and impaired inhibition by extracellular Ca^2+^ and pH ([@bib11]; [@bib23]; [@bib36], [@bib37], [@bib38]). Mutants in the NT domain have been less well characterized, but impaired inhibition by Ca^2+^ has been described for N14K, G12R, and G11E mutant hemichannels ([@bib23]; [@bib42]). At the N14 position, two different mutations have been identified, N14K and N14Y ([@bib46]; [@bib2]). The cutaneous manifestations associated with these mutations differ. Patients carrying the N14Y mutation show considerable overlap with KID syndrome ([@bib2]; [@bib8]), whereas patients carrying the N14K mutation lack keratitis and exhibit uncharacteristic mucocutaneous manifestations such as lip fissuring, gingival swelling, and hyperemia with erosions of the tongue and buccal mucosa ([@bib46]; [@bib21]). Thus, the chemical nature of the amino acid substitution at N14 appears to have a significant impact on disease manifestation.

Here, we examined the properties of N14K and N14Y hemichannels expressed in *Xenopus laevis* oocytes to assess whether there are notable differences that can contribute to the distinctive phenotypes exhibited in patients. Indeed, the properties of the two mutant hemichannels differed substantially in several ways, most notably in the magnitude of membrane current produced and in the direction activation was shifted for the loop gating mechanism that governs their opening in the plasma membrane. Also, sensitivity to pH was essentially abolished in N14K hemichannels. Cysteine substitution and subsequent modification with thiol-modifying methanethiosulfonate (MTS) reagents indicate that N14 is accessible through the pore. Although positive charge substitution at this position did not impact unitary conductance, our data suggest it could produce an electrostatic effect with the cytoplasmic extension of the TM2 domain that leads to stabilization of the open conformation of the loop gating mechanism and the differential gating phenotype between N14K and N14Y hemichannels. Altered gating coupled with a loss of sensitivity to pH for N14K could be responsible for the uncharacteristic mucocutaneous manifestations exhibited by patients.

MATERIALS AND METHODS {#s02}
=====================

Construction of Cx26 mutants {#s03}
----------------------------

Human wild-type (WT) Cx26 was cloned into the BamHI restriction site of the pCS2^+^ expression vector for functional studies in *Xenopus* oocytes. All site-directed mutations were constructed using the QuikChange mutagenesis kit (Agilent Technologies) in accordance with the manufacturer's protocol using the WT connexin expression constructs as templates. All constructs were verified by sequencing.

Exogenous expression of connexins {#s04}
---------------------------------

For expression of connexins in *Xenopus* oocytes, RNA was synthesized, and oocytes were prepared and injected as previously described ([@bib45]; [@bib36]). Injected oocytes were maintained at 16--18°C in a modified ND96 solution (MND96) containing (in mM) 100 NaCl, 2 KCl, 1 MgCl~2~, 1.8 CaCl~2~, 10 glucose, 10 HEPES, and 5 pyruvate, with the pH adjusted to 7.6.

Reagents {#s05}
--------

The MTS reagents 2-aminoethylmethanethiosulfonate (MTSEA), 2-trimethylammonioethylmethane thiosulfonate (MTSET), and 2-sulfonatoethylmethanethiosulfonate (MTSES) were purchased from Anatrace. 2-(6-biotinoylamino)hexanoyl-aminoethylmethanethiosulfonate (MTSEA biotin), 2-((6-((biotinoyl)amino)hexanoyl)amino)ethylmethanethiosulfonate (MTSEA biotin-X), and 2-((6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoyl)amino)ethylmethanethiosulfonate (MTSEA biotin-XX) were purchased from Biotium. Aliquots of dry powder were prepared and stored in microcentrifuge tubes at −20°C. Before each experiment, aliquots of MTSEA, MTSET, and MTSES were dissolved in distilled water and chilled on ice to stock concentrations of 100--200 mM. MTSEA biotin, MTSEA biotin-X, and MTSEA biotin-XX were dissolved in DMSO. Dilutions were made into appropriate perfusion solutions just before application to a final concentration of 0.2 mM for MTSEA, MTSET, MTSEA biotin, MTSEA biotin-X, and MTSEA biotin-XX and 2 mM for MTSES. The activity of MTS reagents was periodically checked using the TNB (2-nitro-5-thiobenzoate) assay ([@bib14]).

Macroscopic electrophysiological recording {#s06}
------------------------------------------

Macroscopic Cx26 hemichannel currents were recorded as previously described ([@bib36], [@bib37], [@bib38]). In brief, oocytes were placed in a polycarbonate RC-1Z recording chamber (Warner Instruments) with inflow and outflow compartments. The outflow compartment contained agar bridges connected to a VG-2A virtual ground bath clamp (Molecular Devices). All recordings were obtained with a two-electrode voltage clamp (GeneClamp 500; Molecular Devices). Both current-passing and voltage-recording pipettes contained 1 M KCl. During recording, oocytes were perfused with simple salt solutions that contained (in mM) 100 NaCl, 1 MgCl~2~, and 10 HEPES, to which Ca^2+^ and/or NaOH was adjusted to achieve desired Ca^2+^ and pH values.

Single hemichannel recording {#s07}
----------------------------

For patch clamp recordings of single hemichannel currents, *Xenopus* oocytes were manually devitellinized in a hypertonic solution consisting of (in mM) 220 Na-aspartate, 10 KCl, 2 MgCl~2~, and 10 HEPES and then placed in MND96 for recovery. Oocytes were then individually moved to a recording chamber (RC-28; Warner Instruments) containing an internal patch solution (IPS), which consisted of (in mM) 140 KCl, 1 MgCl~2~, 5 HEPES, 1 CaCl~2~, and 3 EGTA, and pH was adjusted to 8.0 with KOH. The bath compartment was connected via a 30 M agar bridge to a ground compartment containing the same IPS solution. After excision of patches, hemichannels were exposed to symmetric solutions, and any instrumentation offsets were manually corrected in the absence of an applied voltage. Single hemichannel I-V curves were obtained by applying 8-s voltage ramps from −70 to 70 mV. Currents were leak subtracted by measuring leak conductance of a given patch from full closing transitions or loss of channel activity and extrapolating linearly over the entire voltage range. Currents were typically filtered at 1 kHz, and data were acquired at 5 kHz.

Acquisition of electrophysiological data {#s08}
----------------------------------------

In electrophysiological experiments using oocytes, data were acquired with AT-MIO-16X D/A boards from National Instruments using custom acquisition and analysis software (written by E.B. Trexler, Gotham Scientific, Hasbrouck Heights, NJ).

Online supplemental material {#s09}
----------------------------

Fig. S1 demonstrates that reactivity of N14C to MTS reagents increases with hemichannel opening induced by depolarization or co-injection with WT Cx26. Fig. S2 illustrates that the kinetics of the responses of N14K hemichannels to extracellular Ca^2+^ are slowed. Online supplemental material is available at <http://www.jgp.org/cgi/content/full/jgp.201611585/DC1>.

RESULTS {#s10}
=======

N14K and N14Y hemichannels exhibit substantial differences in functional efficiency and gating {#s11}
----------------------------------------------------------------------------------------------

N14K and N14Y both produced functional hemichannels when expressed in *Xenopus* oocytes ([Fig. 1](#fig1){ref-type="fig"}). Mean currents recorded in low (0.2 mM) extracellular Ca^2+^, which promotes hemichannel opening, were robust for N14K but were small for N14Y injected with the same concentration of mRNA. Similar results were obtained when N14K and N14Y mutants were coexpressed with WT Cx26 in 1:1 ratios, indicating that N14Y exerts a dominant-negative effect on WT Cx26 hemichannel function. In 2.0 mM Ca^2+^, currents for N14K, like WT Cx26, were substantially inhibited, particularly at hyperpolarized potentials. Currents remained small and barely detectible for N14Y.

![**Functional expression of N14K and N14Y hemichannels.** Bar graphs show mean values of hemichannel (HC) currents measured in *Xenopus* oocytes at a holding potential of −40 mV and at the end of a 10-s voltage step to 40 mV. Measurements were obtained in 100 mM NaCl containing 0.2 mM Ca^2+^ (top) or 2.0 mM Ca^2+^ (bottom). N14K produced robust currents comparable with WT Cx26 in 0.2 mM Ca^2+^. Currents were substantially inhibited in 2 mM Ca^2+^. N14Y produced very small currents at both Ca^2+^ concentrations, particularly when measured at −40 mV, which were barely detectable above baseline. N14K and N14Y, each co-injected with WT Cx26 in a 1:1 ratio, showed similar differential levels of expressed currents. All oocytes were injected with the same concentration of total RNA. Measurements were obtained between 24 and 48 h, after injection. Each bar represents the mean ± SEM obtained at −40 mV and 40 mV. In 0.2 mM Ca^2+^: WT Cx26, *n* = 7; N14K, *n* = 13; N14Y, *n* = 11; N14K:WT, *n* = 8; N14Y:WT, *n* = 10. In 2 mM Ca^2+^: WT Cx26, *n* = 12; N14K, *n* = 9; N14Y, *n* = 19; N14K:WT, *n* = 6; N14Y:WT, *n* = 19.](JGP_201611585_Fig1){#fig1}

Voltage-dependent gating properties of N14K and N14Y hemichannels also differed. [Fig. 2](#fig2){ref-type="fig"} shows G-V relationships and families of currents for WT Cx26, N14K, and N14Y hemichannels at two extracellular Ca^2+^ concentrations, 0.2 mM and 2.0 mM. Cx26 hemichannels, like all connexin hemichannels, close on hyperpolarization via the loop (or slow) gating mechanism that is sensitive to extracellular Ca^2+^ ([Fig. 2 A](#fig2){ref-type="fig"}). Activation shifts positive with Ca^2+^, effectively reducing hemichannel opening at negative membrane potentials. N14K hemichannels retained sensitivity to extracellular Ca^2+^ but differed from WT Cx26 hemichannels in showing little or no evidence of voltage-dependent reductions in conductance upon hyperpolarization in lower Ca^2+^ (0.2 mM) conditions ([Fig. 2 B](#fig2){ref-type="fig"}). Conversely, N14Y hemichannels appeared to be less sensitive to Ca^2+^ but notably exhibited strong voltage dependence in 2.0 mM and 0.2 mM Ca^2+^ ([Fig. 2 C](#fig2){ref-type="fig"}). In 0.2 mM Ca^2+^, N14Y exhibited a positive shift in activation compared with WT Cx26, which can further contribute to low hemichannel currents for this mutant at hyperpolarized potentials.

![**N14K and N14Y mutations produce differential shifts in voltage-dependent loop gating.** Shown are representative families of currents from WT Cx26, N14K, and N14Y hemichannels at two different external Ca^2+^ concentrations, 0.2 mM and 2 mM. Currents were elicited using a voltage step protocol consisting of 10-s steps, from 60 to −110 mV in intervals of 10 mV, followed by a 5-s step to −110 mV; oocytes were voltage clamped to −20 mV between steps. Accompanying these currents are normalized G-V relationships at 0.2 mM and 2 mM Ca^2+^. Data were obtained by applying slow (600 s) voltage ramps from 40 to −100 mV from a holding potential of −20 mV. Ramps were applied to each oocyte in 0.2 and 2.0 mM Ca^2+^, and the calculated conductances were normalized to the maximum value measured in 0.2 mM Ca^2+^. N14K continued to show robust inhibition by Ca^2+^, but conductance remained essentially constant with hyperpolarization in 0.2 mM Ca^2+^. The G-V relationship for N14Y in 0.2 mM Ca^2+^ was shifted substantially positive along the voltage axis compared with WT Cx26, and Ca^2+^ appears to have a relatively modest effect. Each symbol represents the mean value. Error bars are ±SEM. WT Cx26, *n* = 5; N14K, *n* = 5; N14Y, *n* = 4.](JGP_201611585_Fig2){#fig2}

Superimposition of normalized G-V curves for WT Cx26, N14K, and N14Y in 0.2 mM extracellular Ca^2+^ illustrates the opposite shifts in activation for N14K and N14Y when expressed alone ([Fig. 3 A](#fig3){ref-type="fig"}) or together with WT Cx26 in 1:1 ratios ([Fig. 3 B](#fig3){ref-type="fig"}).

![**N14K and N14Y likely affect the stabilization of the open state for the loop gating mechanism.** (A and B) Superimposition of the normalized G-V curves in 0.2 mM Ca^2+^ for WT and for the two mutants N14K and N14Y, expressed alone (A) and together with WT Cx26 in 1:1 ratios (B), shows the opposite shifts in activation caused by the two mutants. Data in A is the same as in [Fig. 2](#fig2){ref-type="fig"}. Error bars were omitted for clarity. N14K:WT, *n* = 5; N14Y:WT, *n* = 6; WT, *n* = 5. (C) Examples of deactivation kinetics for WT Cx26, N14K, and N14Y hemichannels. Cells were stepped to 40 mV for 16 s to activate hemichannels and then stepped to −100 mV (at arrows) to examine deactivation. Currents were superimposed at their peaks. N14Y currents deactivated rapidly compared with WT Cx26. N14K did not show appreciable deactivation.](JGP_201611585_Fig3){#fig3}

Examination of the tail currents after activation revealed considerably faster kinetics of closure for N14Y compared with WT Cx26 ([Fig. 3 C](#fig3){ref-type="fig"}). Although not strictly quantified, the approximate time for the current to decline by 70% was ∼0.5 s for N14Y at −100 mV, which is ∼10-fold faster than for WT Cx26. N14K currents essentially remained constant when stepped to −100 mV. These data suggest that the N14Y substitution produces a destabilization of the open state of the loop gating mechanism, whereas the N14K substitution has the opposite effect, producing a stabilization of the open state.

Single N14K hemichannels: Effects on voltage-dependent gating {#s12}
-------------------------------------------------------------

In cell-attached and excised inside-out or outside-out patch configurations, we found that the N14K substitution did not affect unitary conductance ([Fig. 4 A](#fig4){ref-type="fig"}). Voltage ramps applied to patches containing single N14K hemichannels exhibited a similar slope conductance to WT Cx26 (336 ± 18 for N14K vs. 340 ± 9 for WT) and slight outward rectification in symmetric KCl solutions. Levels of N14Y currents were low, and we were unable to record unitary events.

![**Single N14K hemichannel recordings show a stably open configuration.** (A) Representative examples of patch clamp recordings from inside-out patches containing single WT Cx26 and N14K hemichannels. Currents shown were obtained in response to 8-s voltage ramps applied between 70 and −70 mV and leak subtracted (see Materials and methods). N14K is indistinguishable from WT Cx26 in terms of slope conductance (measured at 0 mV) and slight outward rectification. Bath and pipette solutions consisted of IPS (see Materials and methods). (B) Examples of patch clamp recordings of WT Cx26 hemichannels and three KID mutants, A40V, G45E, and N14K. Patches contained two or more active hemichannels. At the beginning of each trace, the membrane potential was stepped from 0 mV to the value indicated. WT Cx26, A40V, and G45E all showed active loop gating events throughout. N14K (red trace) showed a clear difference from the other hemichannels, essentially remaining open with no evidence of stable loop gating closures, consistent with stabilization of the open configuration for this gating mechanism. Examples of expanded views of the brief flickers (at asterisks) show them to be poorly resolved, noisy fluctuations in current that do not reach a steady level. Solid lines are the currents at 0 mV (designated *I* = 0). Dashed lines indicate open hemichannel current levels. The records were not leak subtracted. All currents were filtered at 1 kHz, and data were acquired at 5 kHz.](JGP_201611585_Fig4){#fig4}

Next, we examined gating at the level of single hemichannels ([Fig. 4 B](#fig4){ref-type="fig"}). For WT Cx26 in the presence of EGTA to chelate Ca^2+^ to submicromolar levels, loop gating closures can be elicited with strong hyperpolarization. However, Cx26 hemichannels exhibited frequent loop gating even at voltages that did not produce time-dependent reductions in macroscopic conductance. Thus, in addition to voltage-dependent loop gating, Cx26 hemichannels exhibit voltage-independent or constitutive loop gating, transiting often between stable open and closed states. This property was evident in other KID mutants as well, shown here in [Fig. 4 B](#fig4){ref-type="fig"} for A40V and G45E. In striking contrast, stable loop gating transitions to the closed state were essentially lacking in N14K hemichannels, even at large negative potentials. The N14K hemichannel continued to show frequent, brief flickers from the open state that were poorly resolved and did not settle into a stable conductance level. It is unknown whether these flickers are incomplete attempts at closure of the loop gate or some other conformational events.

Loop gating is one of two voltage-sensitive gating mechanisms in connexin hemichannels. The other mechanism, termed V~j~ or fast gating ([@bib4]), closes hemichannels to a residual subconducting state and for Cx26 has the opposite gating polarity to loop gating, with closure to the subconducting state occurring at positive membrane voltages. To assess whether the N14K mutation abolished V~j~ gating as well, we recorded from cell-attached patches containing N14K hemichannels over a range of membrane potentials. A representative recording from a patch shows no loop gating at negative voltages but typical V~j~ gating at positive voltages characterized by gating to subconducting states ([Fig. 5 A](#fig5){ref-type="fig"}). Because large positive voltage steps beyond 40 mV can elicit endogenous currents in macroscopic recordings, we examined V~j~ gating further in patch recordings that were devoid of contaminating channels. G-V curves derived from ensemble averages of ramps applied between −40 and 70 mV show reductions in conductance at positive voltages for both WT Cx26 and N14K ([Fig. 5 B](#fig5){ref-type="fig"}). Although these are not steady-state recordings, the G-V curve for N14K was very similar to that for WT Cx26.

![**The N14K mutation selectively affects the loop gating mechanism.** (A) Representative cell-attached patch recording containing several N14K hemichannels. Pipettes contained IPS so that Ca^2+^ was buffered to submicomolar levels. The patch was stepped to voltages ranging from −90 to 60 mV for 10 s. No gating was evident with hyperpolarizing steps, but gating to subconductance states was evident on depolarizing steps characteristic of the V~j~ or fast gating mechanism. (B) G-V relationships at positive voltages were constructed from voltage ramps applied to patches containing one or two active hemichannels. For WT Cx26 and N14K, currents were each averaged from 50 to 60 ramps taken from eight different oocytes. The G-V curves at positive membrane voltages appear similar for WT and N14K. Error bars are ±SEM. All currents were filtered at 1 kHz, and data were acquired at 5 kHz.](JGP_201611585_Fig5){#fig5}

Sensitivity to pH is severely impaired in N14K hemichannels {#s13}
-----------------------------------------------------------

pH robustly regulates WT Cx26 hemichannels in a physiological range with an apparent pK near 7.3 ([@bib33]; [@bib38]). However, N14K hemichannels showed no sensitivity in this pH range. [Fig. 6 A](#fig6){ref-type="fig"} shows the macroscopic conductance ratios relative to pH 8.0 with cells held at −40 mV for two test pH values, 7.1 and 6.5; conductance plateaus to a maximum at pH 8.0 ([@bib38]). Data are shown for WT, N14K, and N14K co-injected with WT Cx26 in ratios of 1:1 and 1:4. For WT Cx26, conductance declined by ∼70% when pH was reduced to 7.1, whereas N14K showed no measureable decline at pH 7.1. Oocytes co-injected with N14K and WT Cx26 also exhibited no measureable decline for a 1:1 ratio and a modest decline for a 1:4 ratio (N14K/WT). Exposure to a lower pH of 6.5 also had little effect on N14K currents but showed progressive reductions of ∼15% and ∼50% for N14/WT ratios of 1:1 and 1:4, respectively. For WT Cx26, currents declined by ∼90% at pH 6.5. Thus, N14K hemichannels are rendered insensitive to pH in a physiological range and the mutant acts in a dominant manner when coexpressed with WT Cx26 to hamper inhibition by pH. The currents for N14Y were too small to assess pH sensitivity in the same way as we did for N14K. Thus, we examined pH responses at a positive potential of 40 mV. Data are shown for WT, N14K, N14Y, and both mutants co-injected with WT Cx26 in a 1:1 ratio ([Fig. 6 B](#fig6){ref-type="fig"}). Sensitivity to pH of WT Cx26 was somewhat reduced at 40 mV. N14K remained insensitive to pH. N14Y appeared to have an intermediate sensitivity to pH, particularly evident at pH 6.5, indicating some impairment of inhibition by pH.

![**The N14K mutation is insensitive to pH.** The bar graphs show ratios of macroscopic conductances relative to pH 8.0 in solutions adjusted to pH 7.1 and 6.5. (A) Conductances were calculated from oocytes held at −40 mV. Data are shown for WT Cx26, N14K, and N14K co-injected with WT Cx26 (N14K:WT) in ratios of 1:1 and 1:4. N14K hemichannels were insensitive to either pH 7.1 or 6.5. Hemichannel currents recorded from cells co-injected in a 1:1 ratio also were largely refractory to inhibition by pH, whereas those co-injected in a 1:4 ratio showed weakened but progressive reductions with pH 7.1 and 6.5. WT Cx26, *n* = 6; N14K, *n* = 4; N14K:WT (1:1), *n* = 9; N14K:WT (1:4), *n* = 4. (B) N14Y currents are small at negative membrane voltages, and so the effects of pH were assessed for this mutant at 40 mV. Data are shown for WT Cx26, N14K, N14Y, and each mutant co-injected with WT Cx26 in a 1:1 ratio (N14K + WT and N14Y + WT). N14K hemichannels remained insensitive to pH. N14Y showed reduced sensitivity that was intermediate between WT and N14K. WT Cx26, *n* = 4; N14K, *n* = 4; N14Y, *n* = 5; N14K + WT (1:1), *n* = 4; N14Y:WT (1:4), *n* = 5. Each bar represents the mean ratio ± SEM.](JGP_201611585_Fig6){#fig6}

N14 and the hemichannel pore {#s14}
----------------------------

The eight residues identified thus far as mutated in KID syndrome are depicted in the crystal structure of Cx26 ([Fig. 7](#fig7){ref-type="fig"}). N14 is positioned at the cytoplasmic vestibule, and, if exposed to the aqueous pore as suggested by this structure, the N14K mutation would introduce a ring of six positive charges in the path of permeating ions and molecules. Yet, as we showed in [Fig. 4 A](#fig4){ref-type="fig"}, recordings of single hemichannels showed no change in the unitary conductance produced by the N14K mutation. Thus, to further probe whether N14 is indeed exposed to the pore, we made a cysteine substitution and examined accessibility to the thiol-modifying MTS reagents. However, oocytes injected with the N14C mutation often showed currents barely detectible above baseline. Bath application of the reducing and metal-chelating agent dithiothreitol had no effect, indicating impaired hemichannel function was not caused by disulfide or metal bridge formation (unpublished data).

![**Positions of N14 and other KID mutants in the Cx26 structure.** Representation of two of six subunits (in green) around a central aqueous pore from the atomic structure of Cx26 (Protein Data Bank accession no. [2ZW3](2ZW3); [@bib25]). The structure is displayed using the PyMOL Molecular Graphics System (version 1.8; Schrödinger, LLC). For clarity, the Cx26 sequence shown is truncated at residue G109 near the border of the cytoplasmic TM2 extension and the cytoplasmic loop. KID mutant residues are shown as spherical renditions. The gross shape of the pore is illustrated by the dashed lines, with approximate dimensions of the pore diameter at various positions. The approximate membrane boundary is indicated. In this structure, N14 is situated in the wide cytoplasmic vestibule of the hemichannel.](JGP_201611585_Fig7){#fig7}

Next, we applied MTS reagents to the bath. Application of MTSET to oocytes held at −40 mV had little to no effect on the current, whereas application of MTSEA led to a rapid and robust induction of current to levels comparable with those observed with WT Cx26 or N14K hemichannels ([Fig. 8 A](#fig8){ref-type="fig"}). The strong induction of current with MTSEA suggests that this reagent modified the N14C side chain and restored hemichannel function. The effectiveness of MTSEA, but not MTSET, can be explained by the charge characteristics of these reagents. MTSET carries a permanent positive charge, rendering it membrane impermeant. With N14 located toward the cytoplasmic end of the hemichannel, bath-applied MTSET would have to gain access to the cysteine side chain of N14C through the pore. However, N14C hemichannels are effectively nonconducting. The charge of MTSEA, though, depends on pH with the pK*~a~* of the amine group estimated to be ∼8.5 ([@bib14]). Thus, deprotonated forms of MTSEA can permeate the membrane and modify N14C in the absence of an open hemichannel pore.

![**Substituted cysteine accessibility supports exposure of N14 to the aqueous pore.** (A--C) Shown are effects of MTSEA and MTSET on macroscopic currents recorded from oocytes expressing N14C alone (A) or co-injected with WT Cx26 (B and C). Oocytes were bathed in a simple 100 mM NaCl salt solution containing the indicated Ca^2+^ concentrations and held at −40 mV throughout except for periodic steps to 40 mV to assess hemichannel activation at a positive voltage. (A) Responses of N14C to MTSET and MTSES. Bath application of MTSET showed little or no effect, whereas subsequent application of MTSEA produced a large induction of current. (B) The same experiment as in A, except it was performed in a cell co-injected with N14C and WT Cx26 in a 1:1 ratio. Bath application of MTSET induced an increase in current, and the subsequent action of MTSEA was attenuated. (C) In a cell co-injected with N14C and WT Cx26 in a 1:1 ratio, bath application of MTSEA induced a large current that occluded the subsequent action of MTSET, indicating that the same site is modified by both reagents and that MTSEA modifies all available sites. MTS reagents are designated as ET for MTSET and EA for MTSEA.](JGP_201611585_Fig8){#fig8}

Because accessibility of MTSEA, due to its membrane permeability, does not identify N14 as pore lining, we reexamined accessibility of the membrane-impermeant MTSET reagent in oocytes co-injected with N14C and WT Cx26 in attempts to improve the function of hemichannels containing N14C subunits. Whereas application of MTSET at a holding potential of −40 mV had little effect in oocytes expressing N14C alone, co-injected oocytes showed a substantial increase in current consistent with gained access for MTSET ([Fig. 8 B](#fig8){ref-type="fig"}). After exposure to MTSET for ∼2--3 min, subsequent application of MTSEA further increased the current, but the increase tended to be smaller than the effects of MTSEA in oocytes that had no prior exposure to MTSET. These results suggest heteromeric hemichannels open sufficiently, allowing MTSET to enter the pore and modify cysteine side chains, leaving less N14C subunits available for modification by MTSEA upon subsequent application. The converse order of application showed no effect of MTSET after exposure to MTSEA for ∼2--3 min ([Fig. 8 C](#fig8){ref-type="fig"}), indicating that MTSEA can effectively modify all N14C subunits within this time frame. Of note, application of MTSET to hemichannels containing N14C subunits, whether homomeric or heteromeric with WT Cx26, increased currents to a larger extent at depolarizing potentials, a condition that also promoted hemichannel opening ([Fig. S1](http://www.jgp.org/cgi/content/full/jgp.201611585/DC1){#supp1}). These data demonstrate that the membrane-impermeant MTSET reagent added to the extracellular side can modify N14C, which is located on the cytoplasmic N terminus, when hemichannel opening is induced, consistent with access to the residue via the aqueous pore.

We also examined the effects of other MTS reagents that would render the side chain at N14C negatively charged (MTSES) or neutral, but bulky (MTSEA biotin-XX). MTSES showed little effect on currents in cells co-injected with N14C and WT (1:1), and subsequent application of MTSET and MTSEA still substantially increased currents, indicating that limited, if any, modification by MTSES had occurred ([Fig. 9 A](#fig9){ref-type="fig"}). However, MTSEA biotin-XX produced a substantial increase in current over 2--3 min, and the effect of a subsequently applied MTS reagent was markedly reduced ([Fig. 9 B](#fig9){ref-type="fig"}). The same was true for MTSEA biotin and MTSEA biotin-X (not depicted). The increase in current produced by MTSEA, MTSET, MTSES, and MTSEA biotin-XX reagents in oocytes expressing N14C and N14C + WT is summarized in [Fig. 9 C](#fig9){ref-type="fig"}. The fraction of the total current increase produced by MTSEA after application by MTSET, MTSES, or MTSEA biotin-XX is summarized in [Fig. 9 D](#fig9){ref-type="fig"}.

![**Effects of MTS reagents on Cx26 hemichannels containing N14C subunits.** (A) Bath application of the negatively charged MTSES reagent (ES) to a cell co-injected with N14C and WT Cx26 in a 1:1 ratio did not significantly affect current. Subsequent actions of MTS reagents were not affected. (B) Bath application of MTSEA biotin-XX to cells co-injected with N14C and WT Cx26 in a 1:1 ratio induced current. Subsequent actions of MTSET and MTSEA were attenuated. (C) Bar graph summarizing the effects of MTS reagents on oocytes injected with N14C and N14C + WT (1:1). Values represent the mean change in current in 0.2 mM Ca^2+^ after a 3-min exposure to MTSEA (yellow), MTSET (cyan), MTSES (red), and MTS biotin-XX (green). Error bars represent ±SEM; the number of oocytes tested ranged from five to nine. (D) Bar graph summarizing the effect of MTSET, MTSEA, or MTS biotin-XX application on a subsequent MTSEA application. MTSET, MTSEA, or MTS biotin-XX was applied for 3 min and followed by exposure to MTSEA for 3 min. The current after exposure to MTSEA was designated as the total current. Colored portions of each bar represent the fraction of the total current produced by the indicated MTS reagent. Co-injected oocytes show an increase in the fraction of the total current produced by MTSET or MTS biotin-XX, indicating that the N14C subunit is modified, leaving less available for subsequent MTSEA modification. Values represent mean ± SEM; the number of oocytes ranged from 6 to 10. MTS reagents were designated as ET for MTSET, EA for MTSEA, ES for MTSES, and B-XX for MTSEA biotin-XX.](JGP_201611585_Fig9){#fig9}

Although application of MTS biotin reagents increased N14C currents, suggesting modification of the side chain that contains a biotin moiety improves function, the hemichannels behaved differently from those in which the side chain was modified to a positive charge by MTSEA or MTSET. N14C hemichannels modified to a positive charge with MTSEA exhibited little gating with hyperpolarization in low extracellular Ca^2+^ much like N14K hemichannels, consistent with stabilization of the open state. N14C hemichannels modified by MTSET also exhibited impaired gating at negative potentials but did show some modest reductions in current. However, N14C hemichannels modified by MTSEA biotin-XX continued to show strong gating with hyperpolarization ([Fig. 10 A](#fig10){ref-type="fig"}). Thus, rescue of N14C hemichannel function can occur upon modification by very different MTS reagents, but the stably open phenotype appears to be a property associated with positive charge at N14.

![**Effects of MTS reagents on Cx26 hemichannels containing N14C subunits on gating and unitary conductance.** (A) Superimposed normalized G-V relationships of N14K hemichannels (open symbols) and N14C hemichannels modified by MTSEA (yellow symbols), MTSET (cyan symbols), and MTSEA biotin-XX (green symbols). Recordings were performed in 0.2 mM Ca^2+^. MTS reagents were applied for 10 min before obtaining the G-V relationships via slow (600 s) voltage ramps between 40 and −100 mV from a holding potential of −20 mV. Data points represent mean values. Error bars were omitted for clarity. N14C + MTSEA, *n* = 3; N14C + MTSET, *n* = 4; N14C + MTSEA biotin-XX, *n* = 5. Data for N14K is the same as in [Fig. 2](#fig2){ref-type="fig"}. (B) Superimposed patch clamp recordings from cell-attached patches containing a single WT Cx26 hemichannel and a single N14C hemichannel modified by MTSEA biotin-XX. Currents were obtained by applying 8-s voltage ramps between 70 and −70 mV and leak subtracted (see Materials and methods). The N14C hemichannel modified by MTSEA biotin-XX was only slightly reduced in conductance and exhibited a noisier and a more flickery open hemichannel current. Bath and pipette solutions consisted of IPS (see Materials and methods). Data were acquired at 5 kHz and filtered at 1 kHz. MTS reagents were designated as ET for MTSET, EA for MTSEA, and B-XX for MTSEA biotin-XX.](JGP_201611585_Fig10){#fig10}

Given that modification by MTSEA biotin-XX improves hemichannel function, we recorded from single hemichannels to assess effects on unitary conductance. Much to our surprise, despite the introduction of bulky side chains into the pore, the unitary conductance of an N14C hemichannel modified by MTSEA biotin-XX was only slightly reduced (328 ± 16) compared with WT Cx26 (340 ± 9), although open hemichannel noise appeared elevated ([Fig. 10 B](#fig10){ref-type="fig"}).

The N14K gating phenotype; possible role of intersubunit NT--TM2 interactions {#s15}
-----------------------------------------------------------------------------

Because the stably open gating phenotype appears to be associated with a positive charge at the N14 position, we examined the crystal structure to identify potential underlying electrostatic interactions. In the structure, N14 is situated on a loop connecting a short NT helix with the TM1 helix and is in close proximity to a segment in the adjacent subunit, designated as the cytoplasmic extension of TM2 ([@bib25]). This region was formerly assigned to the cytoplasmic loop domain ([@bib3]) and is highly charged with a sequence of RRHEKKRK (residues 98--105). A high content of charged residues in this region is common among connexin isoforms, although the exact sequence is quite variable.

A putative residue in TM2 that may come in close proximity to N14 is H100 ([Fig. 11 A](#fig11){ref-type="fig"}). A histidine residue in its unprotonated form can act as the aromatic motif in a cation--π interaction ([@bib24]), suggesting the possibility of an electrostatic H100--N14K interaction. Thus, as a first step, we created a double mutant (N14K + H100A). The G-V relationship in 0.2 mM Ca^2+^ of the double mutant resembled that of WT Cx26 ([Fig. 11 B](#fig11){ref-type="fig"}). Substitution of alanine alone at H100 also resembled WT Cx26, suggesting that the H100A substitution did not significantly impact hemichannel structure and, thus, was unlikely to exert an effect on N14K allosterically in the double mutant. In addition to restored loop gating, sensitivity to pH was restored ([Fig. 11 C](#fig11){ref-type="fig"}). Thus, in the presence of an H100A substitution, the N14K mutation no longer rendered the hemichannel refractory to closure by pH and by voltage via loop gating in low Ca^2+^ conditions. Substitution of alanine alone at N14, which also would preclude interaction with H100, resulted in impaired hemichannel function, much like N14Y and N14C; MTS reagents had no effect on N14A or N14Y hemichannels. These data implicate an electrostatic NT--TM2 interaction in the expression of the N14K gating phenotype but also show that substitutions at N14 can differentially impact hemichannel function.

![**The double mutant N14K + H100A reverses the gating and pH phenotypes caused by N14K.** (A) Representation of two adjacent hemichannel subunits from the atomic structure of Cx26 (Protein Data Bank accession no. [2ZW3](2ZW3); [@bib25]). The structure is displayed using the PyMOL Molecular Graphics System. The N terminus (NT) of one subunit (green) comes into close proximity to the cytoplasmic extension of the TM2 domain of an adjacent subunit (cyan). The N14K mutated residue in the N terminus is shown in close association with H100 in TM2 (inset shows an expanded view). The position of the mutated residue lysine at position 14 was selected from a set of backbone-dependent rotamers. (B) Superimposed normalized G-V relationships of N14K and WT Cx26 are shown (black) together with the double mutant N14K + H100A (red symbols) and H100A (open symbols) alone. The double N14K + H100A mutation resembles WT Cx26, suggesting that N14K and H100 may interact to stabilize opening in N14K hemichannels, making them refractory to gating upon hyperpolarization. Recordings were performed in 0.2 mM Ca^2+^. G-V relationships were obtained by applying slow (600 s) voltage ramps between 40 and −100 mV from a holding potential of −20 mV. Each point is the mean conductance. Error bars were omitted for clarity. H100A, *n* = 4; N14K + 100A, *n* = 7. Data for N14K and WT are the same as in [Fig. 2](#fig2){ref-type="fig"}. (C) The loss of sensitivity to pH caused by the N14K mutation is also reversed in the double N14K + H100A mutant. Bar graph comparing pH responses of WT Cx26, N14K, and N14K + H100A hemichannels. Shown are data for pH 7.1 and 6.5 plotted as the ratios of the macroscopic conductances at each of these two pH values relative to pH 8.0. Conductance was calculated from oocytes held at −40 mV. Each bar represents the mean ratio ± SEM. N14K + H100A, *n* = 10. Data for WT Cx26 and N14K are the same as in [Fig. 6](#fig6){ref-type="fig"}.](JGP_201611585_Fig11){#fig11}

DISCUSSION {#s16}
==========

Aberrant Cx26 hemichannels are a common feature of KID syndrome, as well as other Cx26-asscociated deafness syndromes, and there is growing evidence that differences in biophysical properties of mutant hemichannels underlie the phenotypic diversity exhibited among patients ([@bib35]). Here, we find that two mutations at the same position of Cx26, N14K and N14Y, which have been reported to produce different phenotypes ([@bib8]), generate hemichannels that differ substantially in their biophysical properties, strengthening the link between aberrant hemichannel function and disease pathogenesis in Cx26-mediated syndromic deafness.

Differential effects of N14 syndromic deafness mutants on hemichannel function {#s17}
------------------------------------------------------------------------------

Both N14K and N14Y mutations produce functional hemichannels, but currents associated with N14Y typically were very small regardless of the extracellular Ca^2+^ concentration when expressed alone or together with WT Cx26. N14K currents were robust in low Ca^2+^ but were strongly inhibited in 2 mM Ca^2+^ much like WT Cx26. These differences alone suggest that the mechanisms of disease pathogenesis involving N14K and N14Y hemichannels are likely to differ. N14K and N14Y mutations also substantially affected loop gating, which mediates hemichannel opening in the plasma membrane ([@bib43]). Again, the effects of the two mutations on loop gating differed substantially, essentially producing opposite shifts in voltage-dependent activation, negative for N14K and positive for N14Y. In low Ca^2+^ conditions, N14K hemichannels showed a loss of gating, leaving them in a stably open configuration, whereas N14Y hemichannels continued to gate strongly. Finally, pH, which robustly regulates Cx26 hemichannels in a physiological range ([@bib38]), was rendered ineffective in N14K and less effective in N14Y. Overall, the effects on loop gating and regulation by pH further enhance the differential functional efficiencies exhibited by these two mutants.

Loop gating and intersubunit interactions between NT and TM2 domains {#s18}
--------------------------------------------------------------------

When examined at the single-channel level, N14K remarkably resulted in hemichannels that essentially remained open in low Ca^2+^ conditions, with no evidence of stable closing events, even when large hyperpolarizing voltages were applied. This behavior contrasts WT Cx26 and several other KID mutants we examined such as A40V, G45E, and D50N, in which loop gating remains active at all voltages and is biased toward closure with hyperpolarization. N14K hemichannels continued to exhibit active flickering events from the open state. These events, when examined at a higher time resolution, did not reach a steady current sublevel and, like for WT Cx26 hemichannels, may represent incomplete attempts at closure. Nonetheless, the long-lived stable closures were absent in N14K hemichannels, which together with slow kinetics of macroscopic current decay suggest a stabilization of the open state for the loop gating mechanism. Although current levels were low and we could not obtain unitary events for N14Y hemichannels, we reason that the opposite is likely true, i.e., the open state is destabilized, as suggested by the considerably faster kinetics with which conductance decreased on hyperpolarization in macroscopic recordings. The other gating mechanism, V~j~ or fast gating, which closes Cx26 hemichannels to a stable substate at positive membrane potentials, remained, and G-V curves derived from ensembles of voltage ramps were similar to WT Cx26. Thus, the N14K mutation has a robust effect on loop gating but appears to minimally impact V~j~ gating.

N14K represents a charge substitution and mechanistically we explored the possibility of an intersubunit electrostatic interaction to explain the effect on the loop gating mechanism. As suggested by the crystal structure, N14K and H100 may be in close proximity and can plausibly interact in a cation--π configuration, with the imidazole side chain of histidine in its unprotonated form acting as the aromatic motif. Although not common, this type of cation--π interaction has been described in proteins ([@bib32]; [@bib24]). Such an interaction should be disrupted by acidification via protonation of the histidine residue, but we saw no effect on the N14K mutant hemichannel down to pH 6.5; acidification of oocytes \<6.5 compromised cell integrity. This lack of a noticeable effect down to pH 6.5 is not surprising given that the pK*~a~* of the imidazole side chain of a histidine residue in solution is ∼6.0 and can be shifted even more acidic when incorporated into a protein. Substantial shifts in pK*~a~* values have been demonstrated for several titratable residues in native proteins ([@bib6],[@bib7]).

We point out that there appear to be two effects of substitutions at N14. Substitution with alanine, cysteine, as well as the disease-causing tyrosine resulted in small currents indicative of considerably impaired hemichannel function. N14K and modification of N14C to a positive charge with MTS reagents exhibited large currents and stably open hemichannels, suggesting an electrostatic effect, possibly through interaction with H100 as described. However, the N14K + H100A double mutant, which prevents this particular electrostatic interaction, still resulted in robust hemichannel currents. Moreover, modification of N14C by MTS biotin reagents, which result in bulky, neutral side chains that would not interact electrostatically with H100, also produced large currents. However, the N14K + H100A double mutant and N14C mutants modified with MTS biotin reagents retained strong loop gating upon hyperpolarization in low Ca^2+^. Thus, the nature of the substitution at the N14 position can result in impaired or robust hemichannel function, but robust function can be separate from the stably open gating phenotype, which appears to be an electrostatic effect associated with positive charge at N14.

Ultimately, we have no direct evidence of the nature of the interaction involving N14K that leads to stabilization of the open state. It is possible that N14K interacts with a residue other than H100 in an attractive or repulsive manner. Also, it is possible that N14K is not directly involved in an electrostatic interaction but alters the structure of the NT domain, leading to alterations in other interactions. The structure of the NT domain has been shown to be critical to connexin channel function and very sensitive to amino acid substitutions ([@bib30]; [@bib18], [@bib19]; [@bib13]). Specifically for Cx26, the impact of the N14Y substitution on NT structure using nuclear magnetic resonance (NMR) spectroscopy reported a change in the flexibility of the NT domain, which could significantly affect channel function ([@bib2]). Thus, N14Y and N14K may affect the structure of NT in different ways, explaining the differential effects on the levels of expressed currents and gating, which may very well involve interactions between NT and TM2 domains involving residues that constitute the region of high charge density in TM2. Resolution of the potentially complex set of interactions in this region of Cx26 will require extensive mutagenesis coupled with molecular modeling.

The NT domain and loop gating {#s19}
-----------------------------

Earlier studies of loop (slow) gating and V~j~ (fast) gating suggested that the two distinct forms of gating may be localized at opposite ends of a connexin hemichannel in the cytoplasmic NT domain for V~j~ gating and the extracellular loop domains for loop gating ([@bib49], [@bib50]; [@bib28]; [@bib31]; [@bib4]; [@bib41]). The N14K mutation had a profound effect on loop gating, essentially eliminating stable closing events in low extracellular Ca^2+^ conditions. V~j~ gating essentially remained unaffected.

Given the association of V~j~ gating and the N terminus, the profound effect on the loop gating mechanism caused by the N14K mutation was somewhat surprising. However, more recent studies have indicated that loop gating involves conformational changes at the cytoplasmic as well as the extracellular ends of the hemichannel. In Cx50 hemichannels, *N*-benzylquininium, the quaternary derivative of quinine, was reported to produce inhibition by binding to the NT domain and promoting closure of the loop gate ([@bib34]). Thus, conformational changes in NT, presumably caused by drug binding, appear to affect loop gating. Also, examination of metal bridge formation between substituted cysteines in the Cx32\*43E1 chimeric hemichannel suggest that the cytoplasmic entrance to the pore, constituted by NT, may narrow with loop gating through alteration of the TM1/E1 bend angle via reorganization of electrostatic interactions in the parahelical domain at the extracellular membrane border ([@bib17]). The effect of N14 KID mutants on loop gating supports these latter views.

One of the interesting observations we report here is that loop gating in Cx26 hemichannels appears to have a constitutive component. In low Ca^2+^ conditions, macroscopic conductance is maximal and remains constant over a wide voltage range, yet recordings of single hemichannels show active loop gating transitions in this voltage range. Interestingly, this behavior is not observed in Cx46 and Cx50 hemichannels, which remain stably open in low Ca^2+^ conditions at voltages where macroscopic conductance remains constant and closed with robust hyperpolarization ([@bib43]; [@bib40]). Thus, it may be that the loop gating properties of connexin hemichannels are determined by specific intersubunit interactions between NT and TM2 domains that differentially stabilize the open state, thereby regulating hemichannel closure with hyperpolarization. It is interesting that the cytoplasmic extension of TM2 is highly charged in all connexins, which may signify a motif that is important for defining the properties of loop gating.

N14 syndromic deafness mutants and effects on Ca^2+^ and pH on Cx26 hemichannels {#s20}
--------------------------------------------------------------------------------

Studies have suggested that both pH and extracellular Ca^2+^ act on connexin hemichannels by modulating loop gating ([@bib43], [@bib44]; [@bib48]; [@bib38]). In this view, closure of the loop gate can be promoted by the binding of Ca^2+^ and/or by titration of relevant amino acid residues ([@bib44]; [@bib38]). Because N14K stabilizes the open state of loop gating, we reasoned that closure of the loop gate by Ca^2+^ and pH also may be affected. Although extracellular Ca^2+^ continued to be effective at closing N14K hemichannels, the kinetics of Ca^2+^ inhibition was slowed, indicating that the action of Ca^2+^ was altered in some way ([Fig. S2](http://www.jgp.org/cgi/content/full/jgp.201611585/DC1){#supp2}). We were unable to obtain a dose--response curve for Ca^2+^, as the slow kinetics of closure prolonged Ca^2+^ influx upon addition of Ca^2+^ to the bath, which irreversibly reduced currents, perhaps by promoting connexin internalization. In any case, the retained ability of Ca^2+^ to inhibit N14K hemichannels indicates that the binding of Ca^2+^ can overcome the conformational stability induced by the N14K mutation. However, titration of residues with acidification does not appear to be able to overcome this conformational stability, leaving N14K hemichannels refractory to pH, at least down to pH 6.5. Thus, despite their common action on the loop gate, Ca^2+^ and pH are differentially affected by the N14K mutation by virtue of their actions at separate sites, which appear to promote different conformational pathways leading to closure of the loop gate.

N14 is exposed to the hemichannel pore {#s21}
--------------------------------------

Our data here are consistent with exposure of N14 to the aqueous pore in general agreement with the Cx26 crystal structure. This conclusion is based on our ability to modify N14C subunits with bath application of the membrane-impermeant MTSET reagent only when hemichannel opening was induced, either by prolonged depolarization and/or coexpression of N14C with WT. For a residue facing an aqueous environment, it was surprising that the N14K substitution did not affect unitary conductance and that replacement of N14 with cysteine, alanine, or tyrosine residues resulted in poor hemichannel function. For the latter, as previously discussed, the conformation of NT appears to be very sensitive to amino acid substitutions, thereby potentially inducing robust but differential effects depending on the particular substitution. For the N14K hemichannel, an electrostatic interaction with another residue, which likely explains the stabilization of the open state, can also reduce the impact of a positive charge substitution in the pore, thereby explaining the lack of a measureable effect on unitary conductance. Also, as the crystal structure suggests, N14K is likely located in a wide region of the pore, which also can explain the lack of an appreciable effect on unitary conductance, with narrowed regions in other locations of the pore largely governing the rate of ion flux. In support, introduction of bulky side chains at this position by modifying N14C with MTSEA biotin-XX did not appreciably reduce unitary conductance.

N14K and N14Y and their potential effects in cochlea and skin {#s22}
-------------------------------------------------------------

Loss of Cx26, the most prevalent cause of nonsyndromic deafness, does not produce skin disorders. Thus, syndromic mutants appear to be gain-of-function mutants, and aberrantly functioning hemichannels are a common property, particularly in KID syndrome ([@bib22]; [@bib51]; [@bib35]). Interestingly, hemichannels containing N14K subunits residing in cochlear-supporting cell membranes exposed to the endolymphatic compartment, which is low in Ca^2+^, would tend to be particularly refractory to closure even with the large hyperpolarized voltage imposed by the endolymphatic potential. In addition, the striking loss of regulation by pH could promote more opening of N14K hemichannels, even those located in basolateral membranes exposed to normal extracellular Ca^2+^. This added opening would be exacerbated in an acidic environment, such as the buccal mucosa ([@bib1]), perhaps explaining the unusual mucocutaneous manifestations described in patients carrying the N14K mutation ([@bib46]; [@bib21]).

N14Y, however, appears to be poorly functional as a hemichannel and exhibits shifted gating that further reduces opening at hyperpolarized voltages, indicating that a simple gain-of-function model for hemichannels may not apply in this case. However, recent findings suggest that the S17F KID syndrome mutation in the NT domain, which lacks function as a hemichannel and a GJ channel, may cause skin pathology by inducing opening of heteromeric hemichannels by aberrantly interacting with Cx43, which is also expressed in keratinocytes ([@bib9]). The same study suggested a similar possibility for N14Y, although the properties of these heteromeric hemichannels with Cx43 have not been fully characterized. Oligomerization is a complex process, and several connexin domains have been implicated ([@bib20]; [@bib10]; [@bib26]; [@bib39]; [@bib15]). Studies in Cx26 suggest that residues in TM1 regulate oligomerization ([@bib12]) but do not rule out additional steps involving the NT domain ([@bib9]). Of note, heterooligomerization into hexamers does not necessarily lead to functional channels, and it will be interesting to see to what extent NT structure and NT--TM2 interactions can regulate these processes in Cx26.

For either N14K or N14Y, our data showing exposure of N14 to the pore of open hemichannels suggest that these mutations have the potential to affect hemichannel permeability. Although we did not observe a change in unitary conductance carried by K^+^ and Cl^−^, larger molecules, such as ATP or metabolites, could be affected and contribute to disease pathogenesis.

Our studies of N14 mutants in *Xenopus* oocytes reveal possible differences in hemichannel properties that may determine the disease phenotypes in patients, but it remains to be determined how the mutant hemichannels express, traffic, and function in native tissues. There are also potential contributions of GJ channels. Studies, thus far, have not provided a consensus regarding GJ channel function for N14K and N14Y mutants. N14K, which showed coupling between pairs of oocytes, failed to show dye transfer between transfected HeLa cells ([@bib23]; [@bib8]). Keratinocytes isolated from a patient carrying the N14Y mutation showed dye spread, albeit reduced compared with normal keratinocytes, suggesting a negative impact on GJ channel function ([@bib2]). No studies have examined GJ permeability, particularly given our evidence that N14 is pore lining. Thus, although aberrant hemichannel function plausibly plays a central role, GJs cannot be ruled out as contributors to disease pathogenesis in KID syndrome mutants.
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